1. Introduction {#sec1}
===============

The conversion of waste materials, such as waste office paper and biomass, into high valuable products can mitigate a variety of serious socioeconomic problems.^[@ref1]^ Although recycling of waste office paper has huge environmental and economic benefits, it cannot be recycled indefinitely due to the weak fiber structure,^[@ref2]^ thus impeding the development of the used paper recovery. On the other hand, due to the direct incineration or landfill of wastepaper, negative environmental and regulation impacts will be subsequently arisen. In recent years, innovative approaches regarding wastepaper valorization have been increasingly developed as an alternative of high valuable purified chemicals.^[@ref3],[@ref4]^ Notably, our previous investigation demonstrated that waste office paper can be converted into value-added products via a microwave-involved pyrolysis process.^[@ref2]^ Among the pyrolysis products, the cheap, biodegradable, and abundant bio-oil has been impressively attractive as a substituted energy source or a feedstock for chemical production.^[@ref5]−[@ref8]^ This is technically feasible but with high energetic and financial cost to obtain purified compounds from the bio-oil or upgrade bio-oil for producing a commercial fuel.^[@ref9]^ In this work, without any pretreatment, bio-oil will be directly utilized as a biodegradable and cost-effective carbon source for silica surface modification and palladium nanoparticle (PdNP) deposition.

Palladium-catalyzed coupling reactions are of great importance in organic synthesis since C--C bond construction contributes to the binding of different molecules. For instance, the Heck reaction is a C--C coupling reaction of an unsaturated halide with an alkene in a base and a palladium catalyst to generate a substituted alkene.^[@ref10],[@ref11]^ Nevertheless, the recovery and reuse of the palladium-based catalysts are still challenging since its first discovery in the 1970s. Great efforts on improving the elemental sustainability have been devoted.^[@ref12]−[@ref15]^ Heterogeneous catalysts composed of Pd species and a solid support possess advantages of recyclability, reusability, and simple separation from the reaction system.^[@ref16]−[@ref19]^ The physical and chemical nature of the solid support will have a substantial impact on catalyst performance during the reaction: the deposition of PdNPs by the pore channels of the substrate dramatically prevents the deactivation of the metal nanoparticles.^[@ref20]^ Due to chemical inertness under moderate experimental conditions, carbonaceous materials have been applied as the solid support for C--C coupling reactions and hydrogenation.^[@ref21]^ The incorporation of silica species can address broad pore size distribution and structural shrinkage of the carbonaceous materials.^[@ref22]^ Here in our work, a thin carbonaceous layer, generated by the carbonization of wastepaper-derived bio-oil, is firmly and uniformly coated on the surface of the solid support for the deposition of PdNPs.

2. Results and Discussion {#sec2}
=========================

2.1. Production and Characterization of Bio-Oil from Microwave Pyrolysis of Wastepaper {#sec2.1}
--------------------------------------------------------------------------------------

Paper and paperboard derived from wood pulp contain cellulose, hemicellulose, lignin, and small amounts of mineral materials, where cellulose is the predominant component. After the pyrolysis with a programmed increase in temperature, bio-oils are produced through the depolymerization and fragmentation of the polysaccharides (cellulose, hemicellulose, and lignin). It should be noted that owing to shorter operation times, high efficiency, and controllability of the process, a microwave technique is employed for our wastepaper pyrolysis.^[@ref23]^ The surface of the wastepaper will be penetrated by microwaves, resulting in a uniform heating both on the surface and interior of the material. As a result, the bio-oil was produced and subsequently used for further catalyst preparation.^[@ref24]^

As indicated in the GC spectra of the bio-oil (in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf)), it is clearly shown that the bio-oil contains complex organic compounds, and the major components of the bio-oil could be categorized into three different classes: saccharide derivatives, furanic compounds, and aromatics. ^1^H NMR and ^13^C NMR ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B) spectra are illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A,B. Major identified functional groups like aromatics, aliphatics, alcohols, and olefins are illustrated in the spectra. Intensive signals in the aliphatic range indicate that there are significant percentages of the aliphatic groups in the bio-oil, which derives from long-chain fatty acids or alkyl groups.^[@ref25]^ The aromatic functional groups are confirmed by the peaks at 6--8 ppm in the ^1^H spectra and 110--150 ppm in the ^13^C spectra.^[@ref26]^ In addition, the peaks at 3--4 ppm in the ^1^H spectra are also likely attributed to the proton signal that is adjacent to C--O groups and aromatic bridging methylene groups. The signals at 50--100 ppm shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B are ascribed to the carbon atoms adjacent to oxygenated groups, indicative of the presence of the sugar-derived compounds.^[@ref27]^ It could be concluded that in the bio-oils, the carbohydrates and their derivatives are the predominant compositions, along with a relatively low proportion of the aromatic compounds. These compounds containing unsaturated bonds may induce a polymerization process on the surface silica species during the heating to immobilize the palladium nanoparticles.

![. (A) ^1^H and (B) ^13^C NMR spectra of the bio-oil; (C) FTIR spectra, and (D) major identified peaks for FTIR spectra.](ao0c01437_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C shows the FTIR result, and the major peaks are identified and listed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D. The assigned peaks in the spectra match well with the GC and NMR results: the aliphatic group is evidenced by the peak at 2850--3000 cm^--1^, which is attributed to the −CH stretching vibrations; the peak observed at ∼1053 cm^--1^ is attributed to the C--O--C vibration from the pyranose structure, suggesting the presence of polysaccharides. Other oxygenated functional groups including C=O and O--H induce the peaks at 1724 and 3300 cm^--1^, respectively.^[@ref25],[@ref28],[@ref29]^ The oxygenated compounds are beneficial for the generation of uniform carbonaceous layers, as they will promote strong interactions with residual silanol groups in the silica support to form a rigid coating around inside of the SBA-15 pores. In addition, the aromatics in the bio-oil are confirmed by the peak at 1610 cm^--1^, which is assigned to C=C stretching vibrations. A previous study revealed that since aldehyde may undergo aldol condensation and double bonds can self-polymerize, the physical and chemical properties of the bio-oil change gently.^[@ref30]^ For monitoring the compositional change of the liquid oil, it is analyzehd by FTIR after being stored for different periods. Similar IR results suggest that during 2 months at 5 °C, the chemical composition in the bio-oil did not change dramatically.

The thermogravimetric analysis (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf)) demonstrates that bio-oil has a mass loss of approximately 80% at 500 °C. The light volatile evaporation results in a mass loss accompanied by a minor peak at 150 °C. Another peak in the DTG plot is observed at 230 °C with a weight loss of ∼48%, which is likely attributed to the decomposition of polysaccharides. The residual mass is approximately 21.49% at 500 °C, and the solid carbonaceous materials are generated. In this work, the temperature for the preparation of P-1 material is kept at 500 °C.

Instead of a conventional carbon source, which is toxic, materials that either compete with food or is highly purified are used;^[@ref31],[@ref32]^ there are numerous renewable and low-cost feedstocks that can be utilized for preparing carbon-based materials, such as raw biomasses, raw coals, and sawdusts.^[@ref8],[@ref33],[@ref34]^However, those feedstocks in solid form hardly control the pore network of the resulting carbon products. The bio-oil from microwave pyrolysis of wastepaper can address this issue and thus is employed as a biodegradable and cost-effective carbon source. GC, NMR, and FTIR results comprehensively indicate the complex composition of oxygenated compounds, giving rise to the unique self-polymerization feature of bio-oil. The unsaturated functional groups will be condensed and polymerized under heating, and the liquid bio-oil will result in a solid carbonaceous form. Moreover, it has been reported that these oxygenated groups will have a high reactivity with unhydrated silanol groups in silica supports; the part of bio-oil that is attached to the surface of SBA-15 will be much easier to interact with each other. The C~1s~ XPS analysis of the P-1 sample shows that the C--O--Si bond is observed (shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf)), supporting that the carbonaceous layer is successfully coated on the surface of the silica material. As a result, a carbonaceous layer will be eventually formed on the surface of the SBA-15 substrate.^[@ref35]^ As such, the PdNPs will be anchored by the carbonaceous layer, minimizing the leaching of the metal and improving the reusability and recoverability. As illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the bio-oil derived from waste office paper is carbonized at 500 °C and subsequently coated to the surface of the silica substrate for the fabrication of a novel heterogeneous catalyst for the Heck reaction. Thanks to the incorporation of bio-oil, the carbonaceous layer not only gives rise to well-dispersive and uniform PdNPs on the surface of solid supports that increase the active sites and promote the catalytic efficiency but also enables the firm anchoring of PdNPs onto the surface of the solid support and avoids the metal leaching into the reaction solution and consequent product contamination. Hence, the reuse and recovery of the as-synthesized heterogeneous catalyst are significantly enhanced in comparison to other catalysts (P-2 and P-3). In addition, it is also noted that the carbonaceous layer is generated from bio-oil that is renewable and cost-effective. This versatile metal deposition strategy is realized by the incorporation of bio-oil as a carbonaceous layer and may find a high valuable and innovative application for bioresource-derived products, promoting to a more sustainable chemistry.

![Schematic process of the P-1 catalyst for the Heck reaction.](ao0c01437_0002){#fig2}

2.2. Textural Properties of Catalyst Samples {#sec2.2}
--------------------------------------------

The P-1 and P-2 catalysts are fabricated following the Experimental section, and the P-3 sample is directly purchased from a commercial supplier and used without further treatments. Prior to investigating their catalytic performances in the Heck reaction, the textural properties and crystalline structures are characterized. With a typical Type IV isotherm observed from the adsorption/desorption isotherm plot of the P-1 catalyst ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A), its mesostructure feature is confirmed. Notably, different from the parent SBA-15 sample (shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf)), the H2-type hysteresis loop at a relative pressure of 0.4--0.8 displays a gradual rise in the adsorption branch of the P-1 catalyst during capillary condensation, revealing a pore structure with an ink-bottle model. This is due to the incorporation of the carbonaceous layer onto the surface of the silica substrate, resulting in a less uniformity of the pore structure.^[@ref36]^ Given that the oxygenated groups in bio-oils are highly reactive with unhydrated silanol groups in silica species, a thin carbonaceous layer will therefore be formed by coating around the pore wall of the SBA-15 substrate, along with the entrapment of PdNPs. This can be evidenced by the XPS result in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf), showing the existence of the C--O--Si bond. Nonetheless, the incorporation of bio-oil will result in a reduction in the pore volume and the specific surface area of the P-1 catalyst, compared to the P-2 catalyst and the parent SBA-15 sample. Two significant drop steps observed in the desorption branch of the P-2 catalyst indicate two pore size distributions, which could also be reflected from pore size distribution in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B. This is due to the aggregation of PdNPs in the P-2 sample, as reflected in TEM images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The pore-size distribution plot of the P-1 catalyst displays one peak centered at 3.8 nm, suggesting that the metallic PdNPs are well-dispersed on the solid support. On the other hand, in [the Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B inset, the SBA-15 sample has an average pore size of 6.5 nm. Hence, based on the pore size of the P-1 and parent SBA-15 samples, the estimated thickness of the carbonaceous layer is calculated to be ca. 2.7 nm. The textural properties of the as-synthesized catalyst are illustrated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The XPS results of the duplicated P-1 samples reveal that the Pd content is ∼8.9 w/w. %, indicating that the palladium nanoparticles are evenly distributed on the carbon--silica substrate. It should be noted that the Pd content obtained from XPS analysis is slightly higher than the calculated value of 7.7%, which could be explained by the surface sensitivity of XPS technique.^[@ref35]^ The surface of the catalyst is enriched with a Pd-containing carbon layer due to the coating of carbon species around the walls of the silica support. The oxidation state of Pd can also be identified by deconvolution of the assigned peak, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D. The binding energy peaks at 342.2 eV (Pd 3d3) and 336.9 eV (Pd 3d5) are attributed to the Pd(II); meanwhile, the binding energy peaks at 340.2 eV (Pd 3d3) and 335.0 eV (Pd 3d5) are the characteristics of the Pd(0) species, which are the active species of Pd for catalyzing the reaction.^[@ref18]^ Calculated from the deconvoluted XPS curve, the ratio of Pd(0) and Pd(II) is estimated to be 4:1. In addition, the isotherm plot and pore size distribution of a commercial P-3 catalyst demonstrate a typical meso- and micro-porous carbon material with nonuniform pore sizes. The results support that the mesostructures and ample mesopores in the P-1 catalyst are inherited from the parent SBA-15 material after the incorporation of PdNPs and the carbonaceous layer, therefore giving rise to a high flow ability of the liquid phase when initiating the Heck reaction. TEM images in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C intuitively show that the PdNPs are well-dispersed on the carbon--silica substrate, whereas there are PdNPs aggregated on the surface of the silica substrate (green circle in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). The abovementioned self-polymerization feature of bio-oil prevents the PdNPs from aggregating during the carbonization, thus hindering the catalytic activity of the sample, further allowing the P-1 sample to be more effective in catalyzing the Heck reaction than other catalysts. Proved by a previous study, the abundant hydroxyl groups on the surface of the solid support material were conjugated with metal nanoparticles, which is also beneficial for obtaining detached and well-dispersed PdNPs.^[@ref16]^

![(A) N~2~ adsorption/desorption isotherm plots and (B) pore size distributions of the samples (inset graph: parent SBA-15); (C) TEM images of the P-1 and P-2 samples; (D) Pd3d XPS spectra of the P-1 sample.](ao0c01437_0003){#fig3}

###### Textural Properties of the As-Synthesized Materials

  sample   BET surface area (m^2^ g^--1^)   t-plot micropore area (m^2^ g^--1^)   pore volume (cm^3^ g^--1^)   pore diameter (nm)
  -------- -------------------------------- ------------------------------------- ---------------------------- --------------------
  P-1      355                              193                                   0.13                         3.3
  P-2      408                              121                                   0.53                         4.7
  P-3      844                              483                                   0.41                         5.1
  SBA-15   732                              186                                   0.80                         5.1

The signals observed in the small-angle XRD results of both P-1 and P-2 samples ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A) indicate that these two samples possess the ordered hexagonal lattice. There is one 100 diffraction peak at 0.98° for the P-2 sample, supporting that the catalyst has the mesostrucutre feature after the palladium deposition,^[@ref37]^ potentially allowing for a better fluid flow performance. Compared to that of the P-2 sample, the peak position of the P-1 sample shifting from 0.98 to 1.0° demonstrates that this sample possesses a smaller interplanar distance d100 space, resulting from the silica framework shrinkage after the high-temperature heating treatment. Clearly, no significant peak could be seen in the pattern of the P-3 sample due to a disordered porous structure. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B clearly shows the dominant peaks at 2θ = 40°, 46,° and 68°, which belong to the characteristic peak of the face-centred cubic (fcc) Pd lattice.^[@ref38]^ This result suggests the successful incorporation of PdNPs into the solid supports. Notably, the amorphous carbon/amorphous silica structure may contribute to the signal centered at 23°. In addition, the XRD pattern of the aluminum sample holder is displayed in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf), corresponding to the asterisk signal.

![(A) Small-angle XRD patterns and (B) wide-angle XRD patterns of the materials.](ao0c01437_0004){#fig4}

2.3. Catalytic Activity of the Catalyst {#sec2.3}
---------------------------------------

The catalytic performance of the P-1 catalyst is studied by catalyzing the Heck reaction ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). The proposed mechanism has been well acknowledged, and the catalytic cycle is plotted in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf). Recycling and reuse of the P-1 sample are undertaken by filtrating the catalyst from the reaction media and transferring it to a new reaction without an additional activation process. N-methylpyrrolidone (NMP) is utilized for the reaction, and the results ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B) indicate that the catalyst could only be reused 4 times. There is a significant drop of conversion (28%) for the fifth use and further decreases to 13% at the sixth run. By the end of the reaction, methyl cinnamate as the primary product is separated from the liquid phase for identification. EI Mass spectra and 1H NMR spectra (see [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf)) of the purified sample matche well with those of the standard methyl cinnamate sample.

![(A) Schematic illustration of the Heck reaction; (B) Reaction conversion by using P-1 material in NMP; (C) Reaction conversion by using P-1 material in PC.](ao0c01437_0005){#fig5}

Conventionally, N-methylpyrrolidone (NMP) is frequently utilized for the Heck reaction.^[@ref39]^ Its high dipolarity feature could stabilize the alkene intermediate, thus accelerating the reactions.^[@ref40]^ Although NMP is functioned properly for the Heck reaction with the as-synthesized P-1 catalyst, there are some environmental and toxic concerns that may impede the use of organic solvents.^[@ref41]^ A benign organic cyclic carbonate with high dipolarity is proposed by a green chemistry group in the University of York,^[@ref40]^ as an substitution of conventional organic solvents. The propylene carbonate has a similar dipolarity (π\* = 0.90) with NMP and thus could also promote a good productivity of the Heck reaction. Although a previous study described the feasibility of propylene carbonate for the Heck reaction, the impacts of this alternative solvent on the reusability and recyclability of the heterogeneous catalysts are not deeply explored.

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, the conversion of the reaction is 96% at the eighth run for the P-1 catalyst in the presence of PC. Compared with a previous study,^[@ref14],[@ref16],[@ref20],[@ref42],[@ref43]^ the as-synthesized P-1 catalyst has an superior recyclability. A control experiment of purified palladium acetate is carried out under identical conditions and results in a conversion of 89.0%, but it could hardly be recycled owing to the dissolution of the catalyst in the reaction solvent. Comparing [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, the results clearly demonstrate that the recyclability of the catalyst in PC is superior to that in NMP. To explore the catalyst activity loss in NMP, a reactivation process is undertaken via re-heating the used sample followed by the addition to a fresh portion of starting reagent. The conversion is significantly raised from 13 to 84%.It has been revealed that triethylamine hydroiodide (Et~3~NHI) formed as a byproduct will adsorb on the surface of the catalyst.^[@ref44]^ Hence, the pores are blocked, and PdNPs are covered by insoluble compounds. Removal of the insoluble compound results in the increase of catalytic ability. This phenomenon exactly suggests that PdNPs are still deposited on the pores of the catalyst, benefiting from the anchoring effect of carbonaceous layers; and the removal of the byproduct will contribute to the recovery of the catalyst. In the case of PC, it is demonstrated that the reusability of the catalyst is superior to that in NMP, likely attributed to the suppression of the Et~3~NHI production in the PC system, which is in agreement with previous research, observing an enhanced yield and good selectivity in the presence of PC for the Pd-catalyzed reaction.^[@ref45]−[@ref47]^

The effect of the concentration of PdNPs on the reaction conversion rate is also investigated and illustrated in [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf). Under identical reaction conditions, the catalytic performance of the high-Pd-loading sample outperforms the sample with a low Pd loading. Impressively, it is worthwhile to note that the conversion of methyl acrylate is 88% for the 0.04 mol % P-1 sample, suggesting the efficiency of the catalyst with an ultralow Pd loading. This could be interpreted by the Pd uniformity, resulting from the polymerization of bio-oil.

[Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the reaction conversion and selectivity depending on the different reaction runs. The ratio of the production yield to the conversion of the reaction equals the selectivity of the reaction. It is shown that the P-1 sample catalyzes the reaction with a high selectivity of 87% or higher. The aforementioned discussion in Section 3.2 indicated that the PdNPs are firmly fixed on the substrate. This can be supported by determining the PdNP concertation in the liquid solution after the completion of the reaction. ICP analysis results shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} demonstrate that the recycled solution, starting from the second run, contains less than 5 ppm of palladium, and the mass of PdNPs detached from the catalyst is lower than 0.9%, highlighting the stability of this heterogeneous Pd catalyst, resulting from the stabilizing effect of the carbon--silica support. Attributed to the carbonaceous layer generated from the bio-oil carbonization, the P-1 sample is superior in catalyzing the reaction in terms of the recyclability and conversion rate.

###### Pd Loss, Selectivity, and Conversion of the Heck Reaction

  run number   Pd wt in solution ppm   Pd loss wt %   selectivity %   conversion %
  ------------ ----------------------- -------------- --------------- --------------
  1            8.72                    1.2            96              93.5 ± 2
  2            2.91                    0.3            95              90 ± 4
  3            3.33                    0.4            87              92.5 ± 2
  4            4.14                    0.5            89              91.5 ± 3
  5            3.12                    0.4            98              88.5 ± 1
  6            3.58                    0.4            97              89 ± 1
  7            4.98                    0.9            98              93 ± 3
  8            4.36                    0.5            97              96 ± 3

The catalytic properties and the recyclability performance of the P-1, P-2, and P-3 samples are compared and listed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A. Benefiting from the incorporation of bio-oil, the P-1 catalyst has a better catalytic performance for the reaction, as well as reusability. The reaction conversion for the P-2 sample dramatically decreases by 80% at the third run due to the leaching of PdNPs so that the sample loses its catalytic ability. The commercial P-3 catalyst has a similar situation to the P-2 sample, showing that it could only be reused for 4 runs. Remarkably, the P-1 catalyst shows a better recyclability, compared to other catalyst, and could be reused at least 8 times, resulting from the well-dispersed PdNPs on the material's surface and the stabilizing effect of the polymerized carbonaceous layer for PdNPs. Meanwhile, a reactivation process of both P-2 and P-3 is initiated by the heating step at 500 °C under a nitrogen flow. The result indicates that there is a limited increase (∼2%) in conversion, indicating that the catalyst has deactivated due to the PdNPs leaching from the catalyst. In addition, another control experiment using a bare solid support without loading palladium as the catalyst (including the carbon--silica substrate and SBA-15) is also carried out, and the result suggests that the solid support without PdNP loading could not catalyze this reaction properly.

![(A) Reaction conversion by using P-1, P-2, and P-3 as the catalyst and (B) Reaction conversion with a range of substituted aryl halides.](ao0c01437_0006){#fig6}

The feasibility of the as-synthesized catalyst for the Heck reaction is further examined using different types of starting reagents. A range of aryl halides are utilized as a substitution reagent to further investigate the catalytic performance of the catalyst. The P-1 sample shows a comparable or superior catalytic activity over the P-2 and P-3 catalyst when substituted aryl halides are utilized, and the results are listed in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B (Entry 3, 4, 5, 6, 9). Electron-withdrawing groups tend to advance the Heck reaction rate by decreasing the electron density on the aromatic ring of the halogenated species, and thus when aryl bromide is combined with NO~2~ and CN groups, a relatively high conversion is obtained (Entry 6, 7, 8). On the contrary, electron-donating groups increase the electron density of the aromatic ring and thus is recognized as deactivating groups, which could be reflected by the decrease in conversion considerably when the electron-donating groups are introduced (Entry 3, 4, 5). However, aryl chlorides are much less active in the Heck coupling reaction than aryl bromides and aryl iodides so that chlorobenzene is difficult to react with. This is a result of the slow addition rate of C--Cl and Pd(0), which could be explained by the theory that the bond energy between carbon and chlorine is stronger than that between carbon and bromine/iodine.^[@ref48],[@ref49]^ This leads to a low conversion (\<15%) for the aryl chloride reaction (Entry 1, 2).

3. Conclusions {#sec3}
==============

The bio-oil is generated from the wastepaper, and its unique properties including self-polymerization feature and interactions with the silica support lead to a thin carbonaceous layer on the surface of silica through the carbonization. This resulting carbonaceous layer could not only give rise to well-dispersive and uniform PdNPs on the surface of solid supports but more importantly enable the firm anchoring of PdNPs onto the solid support. A Pd-deposited catalyst has been successfully prepared in a sustainable and low-cost way and could be reused effectively for the Heck reaction with little Pd leaching (\<1.0%) in the presence of PC, in comparison to those baseline catalysts. The strategy of metal deposition using the waste resource-derived bio-oil may advance the development of low-cost and reusable heterogeneous materials for catalysis, separation, and adsorption.

4. Materials and Methods {#sec4}
========================

4.1. Bio-Oil Preparation Via Microwave Fast Pyrolysis {#sec4.1}
-----------------------------------------------------

The bio-oil was prepared through the microwave fast pyrolysis of wastepaper using a Milestone ROTO SYNTH rotative solid phase microwave reactor (Milestone Srl., Italy), shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf).^[@ref50]^ Prior to the pyrolysis, the wastepaper was shredded and pressed into a dense cube. The paper cube was then microwave pyrolyzed at ∼200 °C under continuous vacuum. The bio-oil fractions were then condensed and collected with ice under vacuum. The Fourier transform infrared (FTIR) spectra are recorded on a Bruker Vertex 70 spectrometer using an attenuated total reflectance (ATR) technique in the range of 4000--650 cm^--1^ wavenumbers. NMR spectra were collected on a JEOL JNM-ECS400 MHz spectrometer at 298 K.

4.2. Catalyst Preparation and Characterization {#sec4.2}
----------------------------------------------

The mesoporous SBA-15 was synthesized in a sol--gel method by following a procedure similar to that designed by Zhao et al.^[@ref51]^ Triblock poly(ethylene glycol)--poly(propylene glycol)--poly(ethylene glycol) (P123), deionized water, and 2 M HCl were mixed by magnetic stirring followed by the addition of certain amounts of tetraethyl orthosilicate (TEOS) at 40 °C for 24 h. Then, the sol was aged at 80 °C for 48 h. The white precipitate was then collected by filtration, washed with deionized water and acetone, and dried at 100 °C. Finally, the SBA-15 sample was calcined at 550 °C in air for 6 h to remove excess organic species.

The palladium carbon--silica catalyst (P-1) was synthesized through a wet impregnation process. In a typical synthesis, certain amounts of bio-oil, palladium acetate, and SBA-15 were well-dispersed into acetone by stirring overnight followed by the evaporation of the solvent at 60 °C to obtain a viscous type of liquid. The carbonization process was carried out at 500 °C (heating rate of 1 °C/min) under an inert atmosphere to finally produce the P-1 catalyst. Similarly, the P-2 catalyst was synthesized but without the use of bio-oil liquid. The palladium on the activated carbon support (P-3, 10 wt % Pd loading, 205699, Sigma-Aldrich Co.) was directly purchased and used without any further modification.

For the characterization of the catalysts, transmission electron microscopy (TEM) images were collected using a FEI Tecnai 12 G2 microscope. N~2~ adsorption was performed at −196 °C using a micropore surface analyzer (ASAP 2020, Micromeritics). The sample degas treatment was completed under vacuum for 4 h at 180 °C. Powder XRD measurements of the samples were carried out using Cu Kα radiation in the 2θ ranges of 0.5--4.0° (small angle) and 10--80 °C (wide angle) on a BRUKER D8 ADVANCE X-ray diffractometer. Inductively coupled plasma (ICP) was collected using an Agilent 7700x. Sample and Skimmer Cones were Ni, and the analysis was run in He mode.

4.3. Heck Reaction Process {#sec4.3}
--------------------------

In a round-bottom flask equipped with a mechanical stirrer, a mixture of iodobenzene or aryl halides, methyl acrylate, trimethylamine, and solvent was added followed by the catalyst. The mixture was heated at 100 °C by using an oil bath. After the completion of the reaction, the reaction conversion was determined by ^1^H NMR, and the product yield was monitored by GC--MS. Inductively coupled plasma mass spectrometry (ICP-MS) analysis was performed using an Agilent 7700x. The final product was purified by column chromatography.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01437](https://pubs.acs.org/doi/10.1021/acsomega.0c01437?goto=supporting-info).Set-up for microwave pyrolysis; GC spectra and the TG curve of bio-oil; adsorption/desorption isotherm plot of the SBA-15 sample; general catalytic cycle for the Heck coupling reaction; NMR and EI Mass spectra of methyl cinnamate; conversion rate of the Heck reaction using different amounts of P-1 sample in PC ([.doc](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01437/suppl_file/ao0c01437_si_001.pdf))
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NMP

:   N-methylpyrrolidone

PdNPs

:   palladium nanoparticles

PC

:   propylene carbonate
